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Introduction {#sec1}
============

Over the last decade, capacitive deionization (CDI) has been used for ion-selective desalination,^[@ref1]−[@ref3]^ especially for the recovery of nutrients (phosphate^[@ref4]−[@ref6]^ and nitrate^[@ref7]−[@ref10]^) and valuable ions (lithium,^[@ref11]^ potassium,^[@ref12]^ ammonia,^[@ref13]^ fluoride^[@ref14]^), removal of heavy metals,^[@ref15]−[@ref18]^ and water softening.^[@ref19]−[@ref21]^ The selective capture of target ions from a multi-ionic solution or the enrichment of the target ion by removing the competing ions is the main idea behind these applications.^[@ref1]^ For instance, the separation of monovalent from divalent cations using CDI has been vastly studied in the context of water softening.^[@ref19]−[@ref21]^ Efforts were made on selective materials or optimizations of experimental parameters to selectively remove hardness ions (Mg^2+^ and Ca^2+^) from alkali metal cations. Another focus is on removing Na^+^ from recirculated irrigation water (IW) in greenhouses, aiming to maintain nutrients.^[@ref22]−[@ref25]^ This is important as an excess of Na^+^ has toxic effects on plant growth by decreasing the uptake of other nutrients.^[@ref26]^

CDI is a desalination technique in which ions are removed from brackish water by an electric potential applied to a pair of electrodes.^[@ref27],[@ref28]^ As a result, the outlet water contains a lower salt concentration. The combination of ion-exchange membranes (IEMs) and CDI is called membrane capacitive deionization (MCDI), which improves charge efficiency of the electrodes and provides higher separation capacity compared to CDI.^[@ref27]^ While there is an ongoing debate on the energy efficiency and operational costs of MCDI compared to other well-established desalination technologies,^[@ref29]−[@ref32]^ it has also been shown that MCDI can be competitive, at least for salt concentrations up to 40 mM.^[@ref33]^ IEMs have fixed charges that allow the transport of counterions (anions in an anion-exchange membrane, cations in a cation-exchange membrane) and prevent the unwanted transport of co-ions, resulting in an increased charge efficiency.^[@ref28],[@ref34]−[@ref36]^

Numerous studies have been published on separation of monovalent cations from divalent cations using multi-ionic solutions in CDI.^[@ref20],[@ref21],[@ref37]−[@ref41]^ For instance, Seo et al. showed higher removal rates for di- over monovalent cations by optimizing the pore structure and wettability of carbon electrodes,^[@ref38]^ the most used type of CDI electrodes. Zhao et al. achieved time-dependent selectivity using a solution with a concentration ratio of Na^+^/Ca^2+^ = 5, where in the early stage of the desalination process, the dominantly present Na^+^ ions were preferentially electrosorbed, while later on they were gradually replaced by the minority Ca^2+^ cations.^[@ref39]^ Another study from Hou and Huang also demonstrated a higher affinity toward divalent cations using carbon electrodes.^[@ref41]^ Recently, He et al.^[@ref20]^ and Wang and Lin^[@ref21]^ studied the dependence of selectivity on operating conditions such as current density and hydraulic retention time in MCDI operated in a constant current mode. They implemented standard-grade IEMs in a CDI cell and reported higher Ca^2+^ over Na^+^ selectivity. Besides the optimization of operational conditions, introducing a selective layer can also tune the selectivity. Yoon et al.^[@ref40]^ and Kim et al.^[@ref37]^ prepared composite coatings onto carbon electrodes to obtain Ca^2+^ over Na^+^ selectivities in MCDI.

One interesting and alternative way of introducing selectivity to CDI-based separations is using layer-by-layer (LbL)-coated polyelectrolyte multilayers (PEMs). PEMs, which were first demonstrated by Decher in the early 1990s,^[@ref42],[@ref43]^ are composed of alternating layers of oppositely charged polymers. They are attractive because of their high stability and easy and cheap preparation,^[@ref44]^ which provides versatile control over the physicochemical properties of surfaces. Surface characteristics such as chemical charge, morphology, and swelling properties can be tuned by sequentially constructed PEMs. Therefore, PEMs can regulate the interactions with surrounding environments.^[@ref45]−[@ref49]^ PEMs have been employed in ion separation, mainly pressure-driven,^[@ref50],[@ref51]^ and more recently also electro-driven.^[@ref52]−[@ref54]^ These studies showed that monovalent ion permeation and divalent ion rejection can be controlled by tuning the PEM properties. The mechanism of selectivity is based on the Donnan charge exclusion effect.^[@ref54],[@ref55]^ When the outermost charge of the surface has the same charge as the divalent ion, divalent ions are rejected more compared to monovalent ions due to their higher charge density.^[@ref56]^

Based on these advancements, we now study, for the first time, the combination of PEMs and CDI. So far, several research groups have investigated the use of PEMs for the selective ion separation using different combinations of mono- and divalent cations (i.e., Na^+^/Ca^2+^,^[@ref52]^ K^+^/Mg^2+^,^[@ref48]^ Li^+^/Co^2+^,^[@ref49]^ Na^+^/Mg^2+[@ref54]^) and they all reported a monovalent cation selectivity. Out of these combinations, we chose to study Na^+^/Mg^2+^ selectivity of PEM where the molar ion ratio is 1:1.

In this study, we aimed to develop a simple method to separate Na^+^ from Mg^2+^ in a binary solution by switching the selectivity of a commercial cation-exchange membrane. The feasibility of a PEM on a standard grade cation-exchange membrane (Neosepta, CMX) was investigated in MCDI operation for the selective separation of Na^+^ and Mg^2+^. Alternating layers of poly(allylamine hydrochloride) (PAH) and poly(styrene sulfonate) (PSS) were prepared onto a CMX membrane (CMX-PEM) using the LbL technique. The layer formation was examined with X-ray photoelectron spectroscopy (XPS) and static water contact angle measurements (SWA) for each layer. Then, the CMX-PEM membrane was implemented in an MCDI cell, which was operated in a constant voltage operation mode. During the operation, samples were collected from the effluent solution. The collected samples were analyzed with inductively coupled plasma optical emission spectrometry (ICP-OES) afterward. The selectivity value was calculated based on the adsorption ratio of Na^+^ over Mg^2+^. The selectivity, reproducibility, and performance of the operation were compared with an unmodified CMX membrane and a special-grade cation-exchange membrane (Neosepta, CIMS) under the same conditions. The CIMS membrane was chosen as an additional reference membrane due its cross-linked outermost layer, which showed a higher monovalent cation selectivity in electrodialysis.^[@ref54]^ Finally, the stability and selectivity of the PEM-CMX membrane were tested in an MCDI operation for 40 cycles, and an outlook on the potential of this novel approach was provided.

Materials and Methods {#sec2}
=====================

Materials {#sec2.1}
---------

Poly(allylamine hydrochloride) (PAH, *M*~w~ = 17 500 Da), poly(sodium 4-styrenesulfonate) (PSS, *M*~w~ = 70 000 Da), sodium chloride (NaCl, ≥99%), anhydrous magnesium chloride (MgCl~2~, ≥98%), and sodium 2-mercaptoethanesulfonate (MESNA, analytical standard, ≥ 98.0) were purchased from Sigma-Aldrich. Hydrochloric acid (36.5--28.0% NF grade) was purchased from VWR International. Nitric acid (65%, for analysis) and ethanol (absolute) were purchased from Merck Millipore. Acetone (HPLC grade, 99.9%) and dichloromethane (stabilized with amylene) were purchased from BIOSELVE BV. All chemicals were used as received without further purification. The inorganic salts were kept in a vacuum oven overnight prior to use.

Neosepta cation-exchange (CMX), anion-exchange (AMX), and monovalent cation-selective (CIMS) membranes (Astom Corp., Japan) were soaked in a solution of 4 mM NaCl and 4 mM MgCl~2~ for at least 48 h before use. The porous carbon electrodes, which were deposited on a graphite foil substrate, were supplied by Voltea BV, Netherlands. Glass fiber prefilters (25 mm in diameter) with a pore size of 2.0 μm (Merck Millipore) were used as a spacer for MCDI experiments. Flat substrates of gold sputtered on glass (1 × 1 cm) were purchased from ECsens. Milli-Q water (18.2 MΩ·cm, Milli-Q Integral 3 system, Millipore) was used to prepare salt and polyelectrolyte solutions.

Layer-By-Layer (LbL) Coating onto Membrane {#sec2.2}
------------------------------------------

The use of PEMs in pressure- and electro-driven ion-selective separations have been reported in previous studies.^[@ref49],[@ref51],[@ref54],[@ref57]−[@ref59]^ Out of the several PEM systems and preparation conditions that have been used, we adopted a procedure of Bruening and co-workers^[@ref58]^ and built (PAH/PSS)~5~PAH layers. The pretreated CMX membrane was modified by alternating dipping in PAH (polycation) (0.02 M PAH in 1 M NaCl, pH = 2.3) and PSS (polyanion) (0.02 M PSS in 0.5 M NaCl, pH = 2.3) solutions for 10 min each to form the multilayers. After each layer coating, the CMX was soaked in Milli-Q water (3 × 3 min) to remove any weakly attached polyelectrolytes. The CMX membrane was coated with 11 polyelectrolyte layers in total, and the membrane was referred to as CMX-PEM. The CMX-PEM was stored in a solution of 4 mM NaCl and 4 mM MgCl~2~.

Layer-By-Layer (LbL) Coating on Gold Substrates {#sec2.3}
-----------------------------------------------

The growth and properties of the multilayers were characterized by gold model substrates. Although gold is chemically different from IEMs, the bulk and surface properties of PEMs are not dependent on the type of surface characteristics of the substrate after a sufficient number of layers,^[@ref50],[@ref54]^ making gold a suitable model surface. Prior to LbL coating, gold substrates were sonicated for 5 min in Milli-Q water and dried in a stream of argon. Sonication was repeated with acetone, ethanol, and dichloromethane, and the gold substrates were subsequently cleaned from organic material by 5 min of air-based plasma by a plasma cleaner (Diener electronic GmbH, Germany).^[@ref60]^ Afterward, the surfaces were immersed in a 10 mM MESNA solution overnight. Thiol groups of MESNA form strong dative bonds (40--50 kcal/mol) with gold surfaces, while the sulfonate groups (R-SO~3~^--^) of MESNA supply a negative surface charge.^[@ref61]^ Then, the gold substrates were coated with the PEM using the same LbL procedure as the one employed for the CMX before drying the substrates in a vacuum oven at 30 °C.

Characterizations {#sec2.4}
-----------------

The properties of the multilayers were first characterized using X-ray photoelectron spectroscopy (XPS), static water contact angle measurements (SWA), spectroscopic ellipsometry, and atomic force microscopy (AFM).

SWA values were measured using a Krüss drop shape analyzer (DSA 30) by depositing Milli-Q water drops of 3 μL onto the PEM-coated gold surface. Contact angles were measured with a charge-coupled device (CCD) camera using a sessile drop method. For each surface, the contact angle value was the average value of three measurements on different locations of the samples to study the homogeneity of the coating.

The XPS spectra of PEM-coated gold substrates were obtained (20 scans each experiment) by a JPS-9200 photoelectron spectrometer (JEOL, Japan) under ultrahigh vacuum conditions. The spectra were obtained using a monochromatic Al Kα source at 12 kV and 20 mA. All spectra were corrected with Shirley background fitting and processed with CASA XPS software (version 2.3.16). The PEM-coated gold substrates were analyzed by spectroscopic ellipsometry. The dry (optical) thickness of the PEM coating was measured using an Accurion Nanofilm_ep4 imaging ellipsometer. The ellipsometric data were acquired in air at room temperature using light in a wavelength range of λ = 400.6--761.3 nm at an angle of incidence of 50°. The data were fitted with EP4 software using a multilayer model (used refractive index of gold: 1.397).

The AFM images of air-dried samples of CMX and PEM-CMX were acquired by an Asylum Research MFP-3D SA AFM (Oxford Instruments, United Kingdom) in amplitude and height modes with a scanning size of 5 μm × 5 μm.

Electrosorption Experiments {#sec2.5}
---------------------------

The experiments were performed using a lab-scale MCDI cell with dimensions of 6 cm × 10.5 cm × 18.5 cm (total volume of 70 mL). The cell with two carbon electrodes (5.6 cm × 6.0 cm), each with a square opening inside (1.5 cm × 1.5 cm), a CMX, an AMX, and a spacer was firmly assembled. The water enters the MCDI cell and flows radially to the outlet in the bottom center (schematic representation of the MCDI system can be found in the Supporting Information, SI), [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05664/suppl_file/am0c05664_si_001.pdf). At the exit of the cell, a conductivity probe and a pH electrode record the conductivity and pH online. A port in between conductivity and pH probes was used for sampling during the experiments. The deaerated feed solution (5 L of 4 mM NaCl and 4 mM MgCl~2~) was pumped through the system at a constant flow rate (7.5 mL/min) using a peristaltic pump (Masterflex). We note that given the large volume of the feed solution, the operation mode behaves like a single-pass mode.^[@ref62]^ A potentiostat (Autolab PGSTAT302N, Metrohm) provided a charging voltage of 1.0 V and a discharge voltage of 0 V (short circuit) during the electrosorption and regeneration, respectively. The conductivity (conductivity module 856, Metrohm) and pH (flat membrane, combined pH electrode, Metrohm) were monitored online. The electrosorption/desorption experiments were carried out for 10 cycles of 40 min each, except for the stability test of the CMX-PEM membrane, which included 40 cycles.

Depending on the experiment, a CMX, CMX-PEM, or CIMS membrane was used as a cation-exchange membrane ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). All CDI experiments were performed at least three times for each membrane. During three cycles, i.e., adsorption and desorption of each experiment, eight samples (for each adsorption or desorption steps) were collected for further analysis. The samples (each 1.5 mL) were taken at 20, 120, 220, 320, 420, 600, 900, and 1100 s of each adsorption step. After switching the sample port, a sample was taken after 15 s to account for the dead volume between the cell and the point of sampling.

![Schematic representation of the cell configuration. CMX-PEM represents the membrane that was modified with polyelectrolytes (PAH and PSS). For each type of experiment, either CMX, CMX-PEM, or CIMS membranes were used as a cation-exchange membrane.](am0c05664_0001){#fig1}

Inductively coupled plasma atomic emission spectroscopy (PerkinElmer Avio 500 ICP-OES) was used to measure the Na^+^ and Mg^2+^ concentrations of the samples. The argon flow to produce the plasma was set to 10 L/min. The high-energy-based Avio 500 ICP-OES polychromator with two sulfur chemiluminescence detectors (SCD) covered a spectral range of 163--782 nm, with a measuring resolution of 0.006 nm at 200 nm. The samples were diluted 20 times with a 1% nitric acid solution before measurement. The selectivity of Na^+^ over Mg^2+^ (ρ, sometimes also defined as β in the literature^[@ref63]^) was calculated according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"},^[@ref20],[@ref21]^ where *c*~0~ and *c*~f~ represent the initial and final ion concentrations in the solution, respectivelyThe charge efficiency (Λ) and the specific energy consumption (η, kJ/mg) for the charging step were calculated using [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"}, respectively, in which, *F* is the Faraday constant (96485.3 C/mol), *z* is the ion valence (+2 for Mg^2+^, and +1 for Na^+^), Δ*n* is the total amount of salt adsorbed (mol), *I* is the current measured during the electrosorption step, which runs from *t*~1~ (start of adsorption) to *t*~2~ (end of adsorption), *V*~cell~ is the cell voltage applied during the experiment, *m*~sr~ is the total mass of salt removed (g) during the desalination process, and *M*~w~ is the molecular weight of the salt. The salt adsorption capacity (SAC) is calculated by dividing the amount of adsorbed salt (in mg) by the mass of the carbon electrode (*m*~electrode~ = 1.79 g).

Results and Discussion {#sec3}
======================

Characterization of Multilayers {#sec3.1}
-------------------------------

To study whether the layer build-up was successful, gold substrates were characterized after each layer addition via SWA and XPS analyses ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![Surface characterization of gold substrates. Odd number layers have PAH and even number layers have PSS as the outermost layer. The initial data point is the MESNA-coated gold substrate. (A) Static water contact angle data show wettability of the outermost layer with increased number of layers. (B) Nitrogen/sulfur atomic ratios were obtained from wide-scan X-ray photoelectron spectra for each number of layers. (Reported data is based on three samples per data point and three measurements for each sample. Dotted lines are guide to eye).](am0c05664_0002){#fig2}

The wettability of the gold substrates coated with a PEM was studied with SWA measurements ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The first data point belongs to the pretreated gold substrate (MESNA-Au). Upon the addition of PE layers, the SWA data shows an odd--even effect. When the PSS was the top layer, the contact angle was lower than the layer with PAH on top, indicating that the PSS-terminated multilayers were more hydrophilic than the PAH-terminated ones. This is in agreement with similar studies reported in the literature regarding the hydrophilicity of the layers and their odd--even effect^[@ref64]−[@ref66]^ and it shows the successful build-up of 11 layers.

The chemical composition of the surface of the substrates was measured with XPS after the addition of each layer ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). The % abundances of nitrogen (N) (only present in PAH) and sulfur (S) (only present in PSS) were obtained from XPS wide-scan spectra. This was followed by the calculation of the N/S ratio data that, just like the SWA studies, showed an alternating trend, indicating the successful deposition of PAH and PSS layers.^[@ref65],[@ref67]^ Wide-scan XPS spectra of the layers ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05664/suppl_file/am0c05664_si_001.pdf)) and elemental composition as a function of the number of layers ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05664/suppl_file/am0c05664_si_001.pdf)) can be found in the Supporting Information. Next to the SWA and XPS data, also AFM and ellipsometry confirm the presence of the PEMs ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05664/suppl_file/am0c05664_si_001.pdf) and related text).

MCDI Performance {#sec3.2}
----------------

The performance of the CMX-PEM membrane was evaluated based on conductivity and current data obtained for a 40-cycle constant voltage experiment. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the data obtained for the adsorption steps 4--6, 24--26, and 37--39 with a salt mixture of 4 mM NaCl and 4 mM MgCl~2~. The current reached its maximum and minimum values during adsorption and desorption, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The Coulombic efficiency and the amount of charge were found to be stable throughout the adsorption steps (Supporting Information, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05664/suppl_file/am0c05664_si_001.pdf)). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B indicates the change in the effluent conductivity as a function of time at given adsorption steps. The decrease and increase in conductivity indicate electrosorption and desorption of ions, respectively. At the end of each step, the effluent conductivity returned to the feed conductivity value demonstrating the saturation of electrodes (all cycles are provided in the Supporting Information, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05664/suppl_file/am0c05664_si_001.pdf)).

![MCDI operation of the CMX-PEM membrane for cycles 4--6, 24--26, and 37--39. Time-course variation of the (A) current and (B) effluent conductivity data at a constant voltage process (dashed lines are guide to eye).](am0c05664_0003){#fig3}

Comparison of Ion Selectivities {#sec3.3}
-------------------------------

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the effluent concentration of Na^+^ and Mg^2+^ as a function of time, both for the adsorption and desorption step of an electrosorption cycle in a constant voltage operation. The ions are adsorbed faster in the early stage of each electrosorption step. Therefore, the adsorption rate of ions reached a maximum value, here, around ∼120 s. After this point, the adsorption rate started to decrease and eventually ion concentrations returned to their initial values, suggesting that electrodes became saturated at the end of each adsorption step. In a constant voltage operation, the current changes during the adsorption steps. As a result, the relative adsorption rate of each type of cation changes as well, indicating that the selectivity can be time-dependent, which refers to the variation in ion selectivity during electrosorption, as already described in the literature.^[@ref10],[@ref39],[@ref68],[@ref69]^ The time where the maximum selectivity value was observed (∼220 s) was abbreviated as *t*~s~. At *t*~s~, while CMX-PEM adsorbed more Na^+^ compared to Mg^2+^, CMX and CIMS showed the opposite trend during adsorption steps ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A--C). The affinities of the membranes toward either Na^+^ or Mg^2+^ were also confirmed with the effluent concentration data during desorption ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D--F). To conclude this section, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows that it is possible to switch CMX's selectivity from Mg^2+^ to Na^+^ by simply coating it with a PEM. Before starting the electrosorption cycles, the ion solution of 4 mM (for each cation) was recirculated through the MCDI cell. Upon this recirculation, the ion concentration was found to slightly increase. However, this deviation has no influence on the final selectivity as we used these increased concentrations to calculate the selectivities.

![Change in effluent concentrations in time for (A, B, C) adsorption and (D, E, F) desorption steps for CMX, CMX-PEM, and CIMS, respectively. *t*~s~ indicates the points where the maximum selectivity values were observed during adsorption steps.](am0c05664_0004){#fig4}

Next, to facilitate a quantitative comparison, the ρ~Mg~^Na^ values for each type of membrane were calculated based on [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. CMX-PEM showed ρ~Mg~^Na^ = 2.8 ± 0.2, whereas CMX (0.5 ± 0.0) and CIMS (0.2 ± 0.1) showed more affinity toward Mg^2+^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![Adsorption percentage and selectivity values of the membranes. Each ρ~Mg~^Na^ was calculated at *t*~s~ using the data from three separate experiments including three adsorption steps per experiment.](am0c05664_0005){#fig5}

Now, we report that PEMs can increase the monovalent ion selectivity in MCDI as well. The affinity of a bare CMX membrane toward divalent cations was also reported by other studies.^[@ref21],[@ref70],[@ref71]^ The CMX membrane has a preference for divalent cations, which can be understood by the Coulombic interactions between the negative outermost layer of the membrane and the cations. Since the charge density of Mg^2+^ is around 6 times higher than that of Na^+^,^[@ref56]^ there is a stronger ionic interaction between the bare CMX membrane and Mg^2+^. On the other hand, the deposition of the PEM on top of the CMX membrane resulted in a rejection of divalent cations, which can also be rationalized by charge effects. First, the outer layer of the PEM, which is positive in charge, rejects divalent cations more than monovalent cations due to Donnan exclusion.^[@ref57]^

Second, also the overall high charge density of PEM coatings may contribute to this effect. It is known that the PAH/PSS system shows an over-charge compensation effect.^[@ref72],[@ref73]^ In a recent reflectometry study by Rijnaarts et al.,^[@ref54]^ this effect was found for the PAH/PSS system after four bilayers onward and the excess of positive charge further increased for thicker multilayers. In our study, we used similar coating conditions and hence it is reasonable to assume that our (PAH/PSS)~5.5~ system has an overall positive charge.

To test the PEM stability during the 40-cycle MCDI operation of the CMX-PEM membrane, ICP-OES samples were taken from the 5th, 25th, and 40th cycle. The average ρ~Mg~^Na^ value was found to be 2.5 ± 0.1, meaning that the PEM was stable during the 40-cycle experiment. The selectivity values per each cycle are provided in the Supporting Information, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05664/suppl_file/am0c05664_si_001.pdf).

To facilitate a comparison, an overview of different approaches that achieved mono- or divalent cation selectivity in CDI was made ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). From this table, it becomes clear that different experimental conditions and/or modification of electrodes or membranes can change selectivity values. In more detail, it shows that the selectivity does not only depend on the chemical structure or the surface modification of the membrane, but also on many other factors, such as the pore size and surface area of the carbon electrode,^[@ref74],[@ref75]^ ionic charge, the hydrated size of cations,^[@ref41]^ the composition and initial concentration of the feed solution,^[@ref21],[@ref41]^ and operational parameters (applied voltage,^[@ref41]^ current density,^[@ref21]^ operating time,^[@ref38]^ and flow rate^[@ref38],[@ref76]^).

###### Overview of Selectivity Values for Various Reported CDI Systems/Conditions Toward Either Mono- or Divalent Cations in CDI. Cited Work With Values For ρ Made Use of [Equation [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}

  selective layer/optimization   selectivity definition                      feed ratio (Na/X^2+^)   selectivity value                         reference
  ------------------------------ ------------------------------------------- ----------------------- ----------------------------------------- ------------
  operational conditions         [a](#t1fn1){ref-type="table-fn"}            5                       Na^+^ \> Ca^2+^ = 5 Ca^2+^ \> Na^+^ = 3   ([@ref39])
  operational conditions         ρ~Na~^Ca^                                   1                       1.5                                       ([@ref41])
  operational conditions         ρ~Na~^Ca^                                   25                      6                                         ([@ref20])
  operational conditions         ρ~Na~^Ca^                                   1.3                     2.8--3.3                                  ([@ref21])
  Ca-alginate layer              ρ~Na~^Ca^[b](#t1fn2){ref-type="table-fn"}   1                       2.5                                       ([@ref40])
  nanocomposite layer            S~t/c~[c](#t1fn3){ref-type="table-fn"}      10--1                   Ca^2+^ \> Na^+^ = 3.5--5.4                ([@ref37])
  CMX membrane                   ρ~Mg~^Na^                                   1                       0.5                                       this work
  CMX-PEM                        ρ~Mg~^Na^                                   1                       2.8                                       this work
  CIMS                           ρ~Mg~^Na^                                   1                       0.2                                       this work

Based on Gouy--Chapman theoretical approach.

See reference for the selectivity definition.

Calculated based on [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.

To understand the effect of the addition of a PEM on monovalent cation selectivity, all of the operational conditions (i.e., flow rate, current, time) were kept constant for each type of membrane. While it is difficult to compare selectivities obtained from different desalination techniques, and higher selectivities have been reported for the combination of LbL and electrodialysis,^[@ref49],[@ref67]^ our results are in line with the findings of other electrodialysis studies that also employed LbL-coated Neosepta ion-exchange membranes.^[@ref52],[@ref54],[@ref66]^ For example, Abdu et al. deposited polyethylenimine/PSS films on a Neosepta CMX ion-exchange membrane and obtained a Na^+^/Ca^2+^ selectivity of 1.4.^[@ref52]^ Similarly, Mulyati et al. found that Neosepta anion-exchange membranes modified with PAH/PSS layers exhibit Cl^--^/SO~4~^2--^ selectivities of ∼2.5.^[@ref66]^ CMX-PEM has a promising Na^+^ selectivity compared to the other CDI systems listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, although it has to be acknowledged that the selectivity is time-dependent during electrosorption. To optimize the process and improve the separation at *t*~s~, a potential of 0 V can be applied to the system, followed by a washing step of the electrode to obtain a Na^+^-rich solution after each cycle. Once the desired amount of Na^+^ has been removed, the Mg^2+^ that is still present in the treated solution can be removed with a posttreatment step.

Calculations of Energy Consumption {#sec3.4}
----------------------------------

Capacitive deionization is a well-known technology used for water desalination with low-energy consumption. Therefore, the paramount parameters that should be taken into account when evaluating the CDI performance for ion selectivity using modified membranes are salt adsorption capacity (SAC, in mg/g), the charge efficiency (Λ), and specific energy consumption (η). SAC is the amount of salt removed during electrosorption, and it was calculated by integrating salt concentration over time using [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}. Λ indicates how much of the charge provided to the electrode is effectively used for electrosorption. In this sense, the closer the value of Λ to 100%, the better. In practice, 100% charge efficiency is seldom achieved due to electrode degradation, co-ion repulsion, cell resistivity, and Faradaic reactions that usually take place together with the electrode polarization.

[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} summarizes the obtained SAC, Λ, and η values of CDI experiments carried out with CMX-PEM, CMX, and CIMS membranes.

###### Comparison of Salt Adsorption Capacity, Charge Efficiency, and Specific Energy Consumption of the Membranes

  type of membrane   SAC (mg/g)   Λ (%)     η (kJ/g)
  ------------------ ------------ --------- -----------
  CMX-PEM            3.5 ± 0.6    68 ± 14   2.7 ± 0.6
  CMX                3.5 ± 0.3    69 ± 9    2.8 ± 0.4
  CIMS               2.5 ± 0.3    54 ± 7    3.8 ± 0.5

It is noted that water splitting near the polyelectrolyte/membrane interface may reduce the current efficiency and form insoluble metal hydroxides to foul the membrane.^[@ref49]^ However, we did not observe this issue in our system. The SAC value for CMX and PEM-CMX did not differ from each other, indicating that there is no significant effect of PEM on the SAC ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Also, the constant SAC value of PEM-CMX during the long-term desalination process (SI, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05664/suppl_file/am0c05664_si_001.pdf)) is a strong indication of the stability of the PEM. The Λ values for CMX and CMX-PEM membranes were around 69%, showing that the addition of PEM has no significant effect on Λ. These values are slightly lower than those for CMX reported in the literature (88 ± 5%),^[@ref77]^ which can be associated with the type of the carbon electrode and the cell design. Furthermore, since we did not have a single-salt solution, ICP-OES data were used to calculate the amounts of salt removed. However, due to the limited availability of concentration data points, this approach may have resulted in an underestimation of the integrated values of salt removal, lowering Δ*n*, and hence the Λ values. Furthermore, any leakage current would reduce the effective applied current and hence decrease the Λ values. The Λ value of the CIMS membrane was even lower (54%). The results show that the modified and bare CMX membranes have a better performance than the CIMS membrane, which can be rationalized by a higher resistance due to the cross-linking nature of the CIMS membrane.^[@ref54]^

Following the same trend, η of the CIMS membrane was higher than η of the CMX membrane. This was expected since η is linked to Λ, according to [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"}. The η values observed during the electrosorption process were comparable with the literature values.^[@ref77],[@ref78]^

Conclusions {#sec4}
===========

This study distinctively describes the control of monovalent/divalent ion selectivity in the process of membrane capacitive deionization (MCDI) simply by adding a thin polyelectrolyte multilayer (PEM) onto the membrane surface. PEMs have already been used as ion-selective coatings, mainly in pressure-driven, and more recently also in electro-driven processes, in particular electrodialysis. Based on the promising results of PEMs in other desalination processes, we combined, for the first time, PEMs and MCDI to obtain monovalent cation selectivity. A thorough interface analysis, investigation of the layer stability, and a detailed comparison with selectivity performance of various reported CDI systems/conditions are included in our study. For the resulting CMX-PEM membrane, we obtained a Na^+^/Mg^2+^ selectivity of almost three, while the bare CMX showed a preference for Mg^2+^. These results provide a proof-of-concept for a smooth switching from a Mg^2+^-selective membrane to a Na^+^-selective membrane by straightforward modification with a PEM. Furthermore, it is shown that the layers have high stability even after long-term desalination operation. Our work demonstrates a new way of achieving ion selectivity in CDI using PEMs. Given the large toolbox of available polyelectrolytes and variety of polyelectrolyte functionalization schemes, we anticipate that our modular approach may facilitate the further development of the separation and recovery of other ions by controlling interfacial properties at a nanoscale.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.0c05664](https://pubs.acs.org/doi/10.1021/acsami.0c05664?goto=supporting-info).Schematic representation of the MCDI system, the abundance of elements per layer, XPS wide-scan spectra of the LbL-coated gold substrates, ellipsometer and AFM data, conductivity and current change in time during the long-term desalination process, the table of Coulombic efficiency, desalination capacity, and salt adsorption capacity values, and the table of the selectivity values for each type of membrane ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05664/suppl_file/am0c05664_si_001.pdf))
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